Maternal metabolism and fetal growth
The large changes that occur in maternal metabolism during severe dietary restriction or diabetic pregnancy are associated with substantial modifications of fetal growth. Diabetic pregnancy, either naturally occurring in man (Cardell, 1953; Pedersen, 1967) or experimentally induced in primates (Mintz, Chez & Hutchinson, 1972) , produce a neonate with a much larger birth weight than normal.
In such infants the weights of most organs, particularly adipose tissue, are increased and this is reflected in an increase in body protein, fat and glycogen (Fee & Weil, 1963;  Naeye, 1965; Osier, 1965; Glinsmann, Eisen, Lynch & Chez, 1975) . The increased growth rate in utero is thought to result largely from the maternal and concomitant fetal hyperglycaemia (Cornblath & Schwartz, 1966; Pedersen, 1967; Baird, 1969; Adam, 1971) . When the blood glucose is closely controlled the birth weight of infants born to diabetic mothers appears to be reduced (Oakley, 1965; Essex, Pyke, Watkins, Brudenell & Gamsu, 1973; Persson, 1974) .
Reduction of food intake produces large changes in carbohydrate, lipid and amino acid meta¬ bolism. During pregnancy this is associated with intrauterine growth retardation, particularly of extra-neural organs, with major alterations of lipid, carbohydrate and amino acid metabolism (Lee & Chow, 1965; Fain & Scow, 1966; Zamenhof, Van Marthens & Margolis, 1968;  Chase, Dabiere, Welch & O'Brien, 1971 ;  Tsoulos, Colwill, Battaglia, Makowski & Meschia, 1971 ;  Thaler, 1972; Nitzan & Groffman, 1971; Widdowson, 1974) . A similar growth retardation effect can be produced by modifying uterine blood flow to the placenta or umbilical blood flow to the fetus (Wigglesworth, 1964; Hohenauer & Oh, 1969; Emmanouilides, Townsend & Bauer, 1968; Roux, Tordet-Caridroit & Chanez, 1970; Hill, 1974 ). This can produce major changes in carbohydrate metabolism in fetal tissues and possibly impair the postnatal development of gluconeogenesis (Nitzan & Groffman, 1971 .
Thus it is likely that the provision of nutrients from the mother to the fetus is controlled both by their concentration in the maternal circulation and the blood supply to the placenta. If, as for fatty acids, the maternal plasma concentration is increased in conditions such as starvation, the supply to the fetus may show a dramatic increase (Widdowson, 1974; Edson, Hudson & Hull, 1975) ; this relationship may not, however, be a simple one (Table 1) . A similar situation exists for glucose in sheep in that its uptake by the fetus appears to be directly related to the maternal plasma glucose concentration (Battaglia & Meschia, 1973 Significantly different from large fetuses: **P < 001 ; ***P < 0001.
Placental function and fetal growth The major nutrients in the maternal circulation, such as glucose and amino acids, cross the placenta readily (Szabo & Grimaldi, 1970) . The net quantity transferred is probably related to the concentration in maternal plasma. The permeability of the placenta to other metabolites such as lipids, lactate and ketone bodies in some species is high and in others low (Szabo & Grimaldi, 1970) . The extent to which short-term, physiological fluctuations in nutrients across the placenta regulate fetal growth is not known. Surgical alteration of the blood supply to the placenta is associated with a major reduction in fetal growth rate (see above). In addition, the well known correlation between placental mass and fetal weight (Dawes, 1968) and the growth-retarded lambs of ewes in which the placental mass has been surgically reduced (Alexander, 1964) fig. 1 ). Thus it seems likely that the rate of supply of nutrients to the fetus in utero may be close to the rate of utilization by the fetus and that a reduction in placental mass and so, presumably, of the maternal blood flow reduces the supply of nutrients for fetal growth.
The placenta through its own metabolism may also influence the composition of the nutrient supply from the maternal circulation. It has the capacity for amino acid metabolism and interconversion, substantial lactate production and the synthesis of lipids (Szabo & Grimaldi, 1970;  Text- fig. 2 ). Although there are substantial species differences, e.g. the placenta of the rabbit syn¬ thesizes lipids from acetate or glucose at a high rate while in that of the guinea-pig lipid synthesis is barely detectable (Text- fig. 3 ), this aspect of the metabolism of the pregnant animal has not been sufficiently investigated to make a quantitative assessment of the importance of placental metabolism for the fetus. However, in the sheep, placental lactate production may make a substantial contribu¬ tion to fetal metabolism (Burd et al., 1975) . Also, its metabolism and possible metabolic effects on the fetus may be affected by maternal hormones such as insulin (Freinkel, 1965) and maternal nutritional state (Fain & Scow, 1966 The placenta is also an important site of hormone production for the fetus which is reached by the maternal circulation (Thau & Lauman, 1975) . Placental hormones may exert effects on maternal metabolism (Kaplan & Grumbach, 1974) (Saxena, 1971 ). Thus it is clear that the placenta, at least in pathological or extreme physiological conditions, has large effects on fetal growth, probably primarily because of its transport functions. Its ability to make compensatory adjustments to the composition of nutrients passing to the fetus or to in¬ fluence fetal metabolism through hormone action remains, however, to be elucidated.
Fetal metabolism
It was thought until recently that fetal metabolism was governed solely by the requirement of the fetus to direct amino acids, lipids and primarily glucose into pathways for cell growth and was largely controlled by nutrient supply from the maternal circulation. This view has been supported by the absence of some of the pathways essential for amino acid homeostasis and for glucose syn¬ thesis (Greengard, 1971) and the low activity of the pathway for fatty acid oxidation (Warshaw, 1972) in some of the tissues of the fetal rat and rabbit. The metabolic autonomy of the fetus and its ability to compensate for alterations in nutrient supply have been considered therefore to be small.
The assessment of the metabolic autonomy of the fetus must depend on: (a) the presence of pathways in the fetal tissues for some degree of independent metabolic homeostasis; (b) the demon¬ stration of the functional significance of these pathways in vivo ; (c) (Weber, Singhai, Stamm, Fisher & Mentendiek, 1964; Newsholme & Start, 1973) . In the fetus glucose has been considered as the major metabolic substrate (Alexander, Britton & Nixon, 1966) , its supply being regulated largely by placental transfer with little need for hepatic or renal gluconeogenesis. This view is supported by the low activity of the gluconeogenic enzymes in the liver of the fetal rat and rabbit (Dawkins, 1966; Ballard & Hanson, 1967a; Vernon & Walker, 1968; Usatenko, 1970) and the absence of significant rates of gluconeogenesis until after birth (Ballard & Oliver, 1965; Yeung & Oliver, 1967; Snell & Walker, 1973) . In man, guinea-pig, sheep, pig and monkey, gluconeogenic enzymes have been detected in the fetal liver relatively early in gestation (Aurricchio & Rigollo, 1960; Dawkins, 1966; Wallace & Newsholme, 1967; Raiha & Lindros, 1969; Mersmann, 1971; Edwards, Dhand, Jeacock & Shepherd, 1975; Jones & Ashton, 1976a) . Glucose synthesis has also been observed in the fetal guinea-pig, sheep and human liver in vitro (Villee, 1954; Ballard & Oliver, 1965 ; Arinze, 1975) . Therefore, while it is likely that the majority of glucose comes from the maternal circulation, the fetus may contribute to glucose homeostasis late in gestation.
The role of amino acids in providing precursors for glucose synthesis, respiration or the produc¬ tion of other compounds such as lipids has been considered small because of the low transaminase activity and urea production in fetal rate and rabbit liver (Greengard, 1971; Raiha & Schwartz, 1973) . However, substantial transaminase activity has been observed in the liver of the fetal guineapig (Test- fig. 4 ) and sheep (Rattenbury, Jeacock & Shepherd, 1972) , and is indicated in the human fetal liver (Raiha & Suihkonen, 1968) . Also, the amino acid supply to the fetal sheep probably represents a major metabolic fuel for respiration (Tsoulos et al., 1971 ; Gresham et ai, 1972 Taylor, Bailey & Bartley, 1967; Jones, 1973; Jones & Ashton, 1976b) . On the other hand, the oxidation of fatty acids by the fetal rat liver and heart is believed to be relatively low (Warshaw, 1972) . This is, however, not true for all species, and the monkey and human fetal liver oxidize palmitate at high rates (Villee, Hagermann & Holmberg, 1958; Roux & Yoshioka, 1970) , as may that of the fetal rat (Taylor et al, 1967 (Stegink, Pitkin, Reynolds, Filer, Boaz & Brummel, 1975; Text-fig. 5 ). As already mentioned the fetal sheep probably uses amino acids for respiration to a substantial extent, and this is altered by the nutritional state of the mother (Gresham et al., 1972; Tsoulos et al., 1971) . The liver of the fetal guinea-pig in utero controls the distribution of fatty acids from the maternal circulation and may supply lipids to other tissues (Jones, 1973 ; Jones & Firmin, 1976 In situations such as hypoxaemia, where maternal placental blood flow may be reduced (Greiss, Anderson & King, 1972; Makowski, Hertz & Meschia, 1973) , the fetal sheep responds by increasing its blood glucose, lactase, fatty acid and amino acid concentration (Text-fig. 6 ). These changes are independent of those occurring in the maternal circulation and can also be produced by catecholamine infusion directly into the fetus (Text-fig. 6 ). Thus the fetal tissues, by mobilizing substances (Alexander, Britton, Cohen & Nixon, 1972; Wallace, Stacy & Thorburn, 1973; Girard, Kervan, Soufflet & Assan, 1974; Jones, Luther, Ritchie & Worthington, 1975; . Maternal hormone secretion is unlikely therefore to influence fetal metabolism directly. This is demonstrated (Text- fig. 7 ) by the changes in fetal hormones that occur in conditions such as fetal hypoxaemia where, for example the increases in fetal plasma ACTH and catecholamines are quite independent of any changes in the maternal circulation (Boddy, Jones, Mantell, Ratcliffe & Robinson, 1974; Alexander, Britton, Forsling, Nixon & Ratcliffe, 1973 ; Jones, Boddy, Robinson, Ratcliffe, 1975; . Such independence of the fetal endocrine glands is also demonstrated by the response of the fetal pancreas to conditions such as hypoglycaemia or hyperglycaemia produced by starvation or glucose infusion; fetal plasma insulin changes to control fetal glucose utilization in relation to glucose supply (Chez, Mintz, Horger & Hutchinson, 1970; Colwill et al, 1970; Basse« & Madill, 1974a; Shelley, Basse« & Milner, 1975) . These changes are independent of maternal plasma insulin changes and suggest that fetal insulin production may be a major factor in regulating fetal growth (Liggins, 1975 ; Shelley, 1975) .
The sensitivity of the glucose metabolism of some fetal tissues to insulin and catecholamines has been demonstrated in the rat and guinea-pig (Britton & Blade, 1970; Clark, 1971 Some hormones, notably corticosteroids and possibly thyroid hormones, cross the placenta (Beitius, Kowarski, Shermeta, Delemos & Migeon, 1970; Osorio & Myant, 1960; Geloso & Bernard, 1967) and their transport may provide information to the fetus on the maternal metabolic state.
However, there are times, such as before birth, when fetal corticosteroid production may overshadow placental transfer (Basse« & Thorburn, 1969; Liggins, Fairclough, Grieves, Kendall & Knox, 1973 ; Mulay, Giaunopoulos & Solomon, 1973 ; Jones, 1974) . This preparturient rise in corticosteroids appears to be a major signal for the deposition of glycogen (Jost & Picon, 1970; Jones, 1974; Text- fig.  8 ), for the maturation of the fetal lung (Delemos, Shermeta, Knelson, Kotas & Avery, 1970; Kotas & Avery, 1971) , and changes in lipid storage in fetal tissues (Böhmer, Havel & Long, 1972; Jones, 1974; Text- fig. 8 ).
Thus the fetal endocrine glands exhibit a substantial autonomy. They not only modulate the effects of changes in the supply of nutrients from the maternal circulation but also promote specific developmental changes in metabolic pathways.
(d) Compensatory responses offetal metabolism
There are few studies demonstrating changes in the nature of fetal metabolism compensating for alterations in nutrient supply. Starvation of the pregnant sheep is probably associated with a shift from glucose to amino acid oxidation (Tsoulos et al., 1971; Gresham et al., 1972) with the reduction in fetal insulin secretion partly responsible (Bassett & Madill, 1974b) . In pregnant rats starvation produces enzyme changes in the brain that favour the metabolism of ketone bodies which are supplied in greater quantities than under normal dietary conditions (Thaler, 1972) . Starvation may also depress hepatic fatty acid synthesis in the rat (Fain & Scow, 1966) (Widdowson, 1974) . In some instances fetal growth retardation may inhibit rather than stimulate the development of a particular metabolic pathway. An example of this is the apparent inhibition of the development of gluconeogenesis in growth-retarded newborn rats (Nitzan & Groffman, 1971 ) and small-forgestational-age infants (Haymond, Karl & Pagliora, 1974 
